The SNP rs2958182 was reported to be significantly associated with schizophrenia (SCZ) in Han Chinese. This study examined this SNP's associations with cognitive functions in 580 SCZ patients and 498 controls. Cognitive functions were assessed using the Wechsler Adult Intelligence Scale-Revised (WAIS-RC), the Attention Network Task (ANT), the Stroop task, the dot pattern expectancy (DPX), task and the N-back working memory task. Results showed significant or marginally significant interaction effects between genotype and diagnosis status on IQ (P ¼ 0.011) and attention-related tasks (ie, the forward digit span of WAIS-RC, P ¼ 0.005; the ANT conflict effect; P ¼ 0.020, and its ratios over mean reaction time (RT), P ¼ 0.036; the Stroop conflict effect, P ¼ 0.032, and its ratios over mean RT, P ¼ 0.062; and the DPX task's error rate under the BX condition, Po0.001, and the error rate of BX minus the error rate of AY (BX À AY), P ¼ 0.002). There were no such interaction effects on the measures of working memory (all P-values 40.05). Further analysis of the significant genotype-by-diagnosis interactions showed that the risk (T) allele was associated with better performance on cognitive tasks in patients but with worse performance in controls. These results seem to indicate that the association between this SNP and selected cognitive functions may be of an inverted U-shaped pattern. Future research is needed to replicate these results and to explore the biochemical mechanisms behind this association.
INTRODUCTION
In one of the largest genome-wide association studies (involving 2663 schizophrenia (SCZ) patients and 13 498 controls) and its follow-up study (involving 4999 SCZ patients and 15 555 controls), Stefansson and colleagues (Stefansson et al, 2009; Steinberg et al, 2011) identified the basic helix-loop-helix (bHLH) transcription factor (TCF4) gene as one of the most consistent and significant susceptibility genes for SCZ. A recent study in Han Chinese population using 2496 SCZ patients and 5184 healthy controls also supported that finding (Li et al, 2010) . TCF4 is critical for normal brain development (Flora et al, 2007) . Human haploinsufficiency of TCF4 may result in severe cognitive deficiency (ie, mental retardation) in patients with Pitt-Hopkins syndrome (Pitt and Hopkins, 1978) or Angelman syndrome (Takano et al, 2010) . However, the role of the TCF4 gene in cognitive deficiency in SCZ patients has seldom been studied (for exceptions, see Lennertz et al (2011) ; Quednow et al (2011) ).
In an animal study, transgenic mice overexpressing the TCF4 gene in the brain showed reduced prepulse inhibition (PPI) (Brzozka et al, 2010) , a core trait of human SCZ. A study in humans further suggested that the SCZ risk allele (C) of rs9960767 in this gene was significantly associated with reduced PPI in both healthy controls and patients with SCZ spectrum disorder (Quednow et al, 2011) . Reduced PPI is an important intermediate phenotype of SCZ and is believed to be modulated by attention as assessed by the continuous performance test (CPT) (Hazlett et al, 2001 (Hazlett et al, , 2008 , the attention network test (ANT) (Sobin et al, 2005) and the Stroop test (Molina et al, 2009) . However, the role of the TCF4 gene in the etiology of attention function has not been studied.
In the Han Chinese population, rs9960767 is not polymorphic. Very close to rs9960767 (B6 kbp) and in the same intron (intron 4) is another SNP (rs2958182) that is in complete linkage disequilibrium with rs9960767 in the HapMap European samples. This SNP is polymorphic among Chinese and has been suggested as a risk SNP for SCZ (Li et al, 2010) . However, the reported risk allele of rs2958182 was the major allele (T), not the minor allele (A) that was linked to the risk C allele of rs9960767 for Europeans. In sum, the same gene appears to be relevant for SCZ in both Europeans and Chinese, but the specific risk alleles were different. It is imperative to further explore the role of rs2958182 in China.
The current study aimed to explore the function of rs2958182 by testing its association with PPI-modulated (attention-related) cognitive functions. The attentionrelated cognitive tasks included the ANT, the Stroop test, the dot pattern expectancy task (DPX, a revised version of AX-CPT), and the Wechsler forward digit span task. Because some of these tasks rely on both working memory and attention, we included two typical working memory tasks (an N-back task and the Wechsler backward digit span task) as covariates to partial out working memory in order to focus on attention functions. We hypothesized that the risk allele (T) of rs2958182 would be associated with reduced ability of attention as reflected by a strong conflict effect of the ANT and the Stroop test, high error rates on the DPX task, and low scores on the forward digit span task.
MATERIALS AND METHODS

Subjects
The samples consisted of 580 patients with SCZ and 498 healthy controls. All subjects were Han Chinese. The patients were recruited between August 2008 and October 2011, from the inpatients of the Ankang Hospital in Shandong Province, a division of the Jining Medical College. All patients had been hospitalized for o1 month and fulfilled the ICD-10 criteria for SCZ based on the diagnostic consensus of two experienced psychiatrists using the Mini International Neuropsychiatric Interview. This scale has a Chinese version with high reliability and validity (Si et al, 2009) . Subjects were excluded if one of the psychiatrists was uncertain about a given patient's diagnosis. The general recruitment procedure was that a clinician first judged if the patient satisfied the inclusion and the exclusion criteria (see below). The clinician and the psychologist then together explained the study to the patient, including drawing of blood and cognitive tests, and answered any question the patient had. Subjects then signed the informed consent document. Afterwards, blood was drawn and the psychologist administered the cognitive tests to the patient.
The positive and negative syndrome scale was used to assess each SCZ patient's positive (SAPS) and negative (SANS) symptoms at the time of the administration of the cognitive tests. The mean score of the patients' SAPS was 18.77±6.76 and the mean SANS score was 17.32±7.43. The mean age of onset was 22.83±8.28 and the mean duration of illness was 5.49 ± 7.21 years. All patients were undergoing monotherapy with atypical antipsychotics and had been treated for 42 weeks. Exclusion criteria for the patients included a history of other psychiatric disorders, a history of severe head injury (including any closed or open head injuries that may be related to current symptoms or impact cognitive functions), currently having acute psychotic episodes, current substance abuse, and failure to cooperate during the cognitive tests. Subjects were deemed by the experimenter as 'fail to cooperate' when they abruptly stopped performing tasks in the middle of the experiment, when they pressed keys only when prompted by the experimenter, and when they failed to cooperate to complete the practice trials of a test to reach an acceptable threshold of accuracy after multiple attempts.
The healthy controls were from the same geographical region as the patients and were interviewed by experienced psychiatrists to screen for any personal or family history of psychiatric disorders. Additional demographic information for both patients and the healthy controls is shown in Table 1 . This study was approved by the Institutional Review Board of the Institute of Cognitive Neuroscience and Learning at Beijing Normal University, and all subjects gave written informed consent for this study.
SNP Genotyping
Genomic DNA was extracted from a 200 ml EDTA venous blood sample from each subject using the QuickGeneMini80 equipment and QuickGene DNA whole blood kit S (Fujifilm, Tokyo, Japan). To genotype rs2958182, the forward primer (5 0 -CTACTCATGTAACTCTCCACTT-3 0 ) and the reverse primer (5 0 -CCATACTTGCTCATTG TAACTG-3 0 ) were designed using the software Primer 6.0. PCR was performed using 9700 thermocycler (Applied Biosystems, Foster City, CA, USA) in 20 ml amplification mixture containing 0.5 mM of each primer, 200 mM dNTPs (Fermentas, Burlington, VT, USA), 1U Taq polymerase (Fermentas), 1 Â Taq buffer and 30 ng template DNA. After initial 5 min at 96 1C, the PCR proceeded with 36 cycles of 96 1C for 30 s, 51 1C for 30 s, and 72 1C for 30 s. After a final 10 min at 72 1C, the PCR was terminated at 4 1C. Then 5 ml amplified products were digested with 10 U restriction enzyme Tsp509I (Fermentas) overnight and followed by electrophoresis in 3% agarose gels. The AA genotype can be identified by the presence of a single band of 255 bp, and the TT genotype can be identified by two bands: 99 and 156 bp, and the AT genotype had all the above three bands: 255, 156, and 99 bp. Each genotype was read by two individuals independently. The success rate for this SNP is above 95% and the reproducibility of the genotyping was 100% according to a duplicate analysis of 20% of the genotypes.
Cognitive Tasks
Among all the subjects with genotype information on rs2958182, 526 patients and 421 controls completed the (403), and N-back task (399), but only a subsample of the patients finished the same set of tasks (383 for the ANT task, 197 for the Stroop task, 180 for the DPX task, 375 for the 1-back task, and 366 for the 2-back task) because these tasks were added later to data collection from the patients. The DPX task was first introduced by MacDonald et al (2005) and was shown to have adequate reliability . The DPX task in this study was presented in 4 blocks of 40 stimulus pairs (the cues and the probes) that were presented sequentially in the center of a 14-inch screen. The stimuli were Braille font dot patterns and were presented in pairs (cue-probe). There were four conditions: AX, AY, BX, and BY, where A and B designate different cues and X and Y different probes. After 350 ms of a fixation cross, a cue was presented for 1000 ms, followed by a 4000 ms delay, and then the probe was presented for 500 ms. Between trials was a 650 ms white intermission screen. Subjects were instructed to press a target key in the AX condition but to press the non-target key in all other conditions (see MacDonald et al, 2005 for details). As in MacDonald et al (2005) study, the 40 trials of each block consisted of 28 (70%) AX trials, 5 (12.5%) AY trials, 5 (12.5%) BX trials, and 2 (5%) BY trials. The error rate of the BX and BX-AY (the error rate of BX minus the error rate of AY) was used as the main measurements because previous studies showed that, compared with healthy controls, both SCZ patients and their healthy relatives showed significantly higher error rates in BX condition and a tendency of making less AY than BX errors thus higher value of BX-AY (MacDonald et al, 2003 (MacDonald et al, , 2005 .
The ANT uses a central arrow and four flanker arrows as stimuli. Subjects were required to respond to the direction of the central arrow while ignoring all flanker arrows. More detailed descriptions of the design of this task can be found elsewhere (Fan et al, 2002) . The current study used the short version of this test, which contained 144 trials and can be freely downloaded from Fan's webpage (http://www.sacklerinstitute.org/users/jin.fan/). This version omitted the double cue conditions and the neutral target conditions, which were irrelevant to the calculation of the conflict effect. The conflict effect was calculated by subtracting the mean RT of all correct trials for the congruent condition (target and flanker arrows pointing the same direction) from the mean RT of correct trials for the incongruent condition (target and flanker arrows pointing different directions). Following the suggestion of Fan et al (2001) , ratios of the conflict effect were also calculated (conflict effect/mean RT) to take into account the direct or indirect effects of overall mean RT. The conflict effect was reported to be reliable with test-retest reliability of 0.77 (Fan et al, 2001) .
We also used a computerized classic Stroop task, which had been shown to have similar reliability as the card version (Siegrist, 1995) . Color words were presented in three different ink colors: red, green, and blue. The subjects were asked to press one of the three keys to indicate the color of ink while ignoring the meaning of the color word. The ink color and the word's meaning may be congruent or incongruent. The conflict effect was measured, similar to the ANT, by subtracting the mean RT of all correct trials for the congruent target condition from the mean RT of correct trials for the incongruent target condition. The ratios of this conflict effect over mean RT were also calculated.
The N-back tasks have been widely used to test working memory. Previous research has shown that these tasks have high test-retest reliability at about 0.7 (Studer-Luethi et al, 2012) . The N-back task of this study was similar to the version introduced by Callicott et al (1998) . In this task, a white circle was presented randomly at one of the four corners of a gray diamond-shaped square in white background on an IBM 14-inch screen notebook. The four response buttons were arranged also in a diamond shape similar to the configuration of the white circles presented on the screen. Subjects used their right index or middle finger to press one of the four buttons to match the target stimulus. There were three task conditions: 0-, 1-, and 2-back. In the 0-back task, the subjects were instructed to press the button whose position was the same as the white circle on the screen for the current trial. In the 1-back task, the subjects pressed the button corresponding to the position of the white circle presented 1 trial before the current one. In the 2-back task, the subjects pressed the button corresponding to the position of the white circle presented 2 trials before the current one. Each condition (performed in one block) included 48 trials. All subjects followed the order of 0-, 1-, and 2-back conditions. The stimulus presentation time was 200 ms and the inter-stimulus interval was 800 ms. Following Blokland et al's twin study (Blokland et al, 2008) , the current study used error rate (percentage of wrong responses) of both 1-back and 2-back trials to index the performance.
Analysis
The Hardy-Weinberg test of the SNP was done by using the PLINK program (Purcell et al, 2007) . All other analyses were done by using SPSS version 13.0 (SPSS, Chicago, IL, USA). Non-genetic factors, including age, gender, and years of education among genotypic groups were compared using either one-way ANOVA or w 2 -test. Owing to the small number of the AA genotype (11 in the control group and 8 in the SCZ group in the total sample), we combined the AA genotype with the AG genotype. Preliminary analysis showed that all cognitive performances were normally or almost normally distributed (kurtosis and skewness for all cognitive measures could be found in Supplementary Table S1 ) with constant variances (Levene test across groups (genotype, diagnosis) showed that all P-value40.05). The associations between cognitive function and the SNP were tested by two-way ANCOVA. The two fixed factors were genotype (minor allele [A] carriers vs major allele [T] homozygotes) and diagnosis (SCZ vs controls). Demographic factors including age, gender, and years of education were entered as covariates. Significant interaction effects between genotype and diagnosis or significant main effects of genotype were followed up with the simple effects analysis of genotype in patients and controls separately. In the simple effects analysis, age, gender, and education years were also used as covariates. 
RESULTS
The allele frequency of this SNP (with the A allele frequency was 0.112) was consistent with Li et al's study (0.103) (Li et al, 2010) . No deviation from Hardy-Weinberg equilibrium was found in the total sample (P-values40.05). For demographic factors, patients and controls were comparable in terms of their gender distribution, but they differed significantly in mean age and education level (both P-valueso0.05, see Table 1 ). Genotype was not associated with any demographic factors or clinical characteristics either for patients or controls (all P-values 40.05, see Table 2 ).
After controlling for age, gender, and education level, the interactions between genotype and diagnosis were significant for total IQ (F ¼ 6.56, P ¼ 0.011), the FDS score (F ¼ 7.76, P ¼ 0.005), both BX (F ¼ 20.64, Po0.001) and BX-AY (F ¼ 9.71, P ¼ 0.002) scores of the DPX task, both the conflict effect (F ¼ 5.45, P ¼ 0.020) and its ratios (F ¼ 4.41, P ¼ 0.036) of the ANT, and the Stroop conflict effect (F ¼ 4.63, P ¼ 0.032). The ratios of the Stroop conflict effect were marginally significant (F ¼ 3.50, P ¼ 0.062). The main effect of genotype was only significant for both indices from the DPX task (BX, F ¼ 11.90, P ¼ 0.001; BX-AY, F ¼ 2.75, P ¼ 0.098). No significant main effects of genotype or interactions were found for the three measures of working memory (all P-values40.05) (see Table 3 ).
To further explore the significant interactions reported above, we analyzed the data separately for patients and controls. We found opposite directions of associations between genotype and cognitive functions for the two groups of subjects. In patients, four significant and one marginally significant associations were found with the T allele carriers showing better performance: IQ (F ¼ 6.28, P ¼ 0.013), the DPX task (BX, F ¼ 7.44, P ¼ 0.007; BX-AY, F ¼ 13.18, Po0.001), and the Stroop task (the conflict effect, F ¼ 3.05, P ¼ 0.082; the conflict effect ratios, F ¼ 3.93, P ¼ 0.049). This analysis was re-run using the duration of the illness, age of onset, medication dose, and both positive and negative symptom scores as additional covariates, and the results did not change (see Supplementary Table S2 ). In contrast, among the controls the T allele carriers showed significantly worse performance on the FDS task (F ¼ 6.37, P ¼ 0.012) and the conflict effect of the ANT task (F ¼ 4.11, P ¼ 0.043).
Finally, the above analyses were re-run by including the three working memory measures as additional covariates. The significant results remained the same as before (see Supplementary Table S3 ), indicating that the significant associations reported above were not attributable to differences in working memory.
DISCUSSION
This study is the first to report an association between TCF4 gene polymorphism and intelligence and attention process. We found significant interaction effects between genotype and diagnosis in all four measures of attention even after controlling for working memory. It appeared that the role of TCF4 is specific to attentional processes. Further analysis showed opposite directions of associations in patients and controls. The risk T allele of rs2958182 was associated with worse performance in controls, but with better performance in patients.
As mentioned in the introduction, the SCZ risk allele of rs2958182 in Han Chinese was linked to the protective allele of rs9960767 in Europe samples, which makes it difficult to relate our results to the previous studies on European samples directly. One approach is to discuss the results from the perspective that population-specific risk allele TCF4 and cognition X Zhu et al should be associated with deficient cognitive functions. In that sense, our results in controls were consistent with those of the only other study on rs9960767 and cognitive functions in healthy controls (Quednow et al, 2011) . Both studies showed that the risk allele was associated with worse cognitive functions. However, our results in patients were TCF4 and cognition X Zhu et al inconsistent with those from another SCZ sample of the same study (Quednow et al, 2011) . Instead, they were consistent with the results reported in another study by the same group of researchers (Lennertz et al, 2011) . The latter included only SCZ patients and found that the risk allele was associated with better memory. One interpretation of the opposite effects of TCF4 gene polymorphism on cognitive functions in patients and controls is that TCF4 may have an inverted U-shaped relation with cognitive functions. Indeed, previous studies have shown that cognitive functions are impaired when the level of TCF4 is either below or above an optimal range. For example, heterozygous deletions of the TCF4 gene in human were found to result in mental retardation (Flora et al, 2007) and overexpression of the TCF4 gene in mice resulted in reduced PPI and memory (Brzozka et al, 2010) . It is possible that the risk allele of rs2958182 boosts (or normalizes) the performance in patients (at the ascending arm of the inverted-U) but worsens the performance in controls (at the descending arm of the inverted-U). Of course, this interpretation needs to be substantiated with biochemical evidence of hyper-or hypoexpression of the TCF4 gene in SCZ patients. Nevertheless, the inverted-U pattern of results has been reported for other genes such as the val/met polymorphism of the COMT gene (Barnett et al, 2008; Prata et al, 2009 ). Within research on SCZ patients and their controls, a SNP in the Neuregulin 3 gene also showed the same pattern of results, with the risk allele linked to better performance on a CPT task in SCZ patients but worse performance in healthy controls (Morar et al, 2011) .
Another explanation for the current results is a possible interaction between TCF4 and another gene. TCF4 belongs to the bHLH transcription factor family. It can activate or repress multiple genes' expression by forming heterodimers with other bHLH transcription factors (Flora et al, 2007) . Potential interactions among these genes need to be examined in future research.
Taken together, the results of existing studies suggest that the role of the TCF4 gene is complex. To help appreciate the complexity, especially the inconsistent results in patients of Quednow et al's study on PPI and ours on attention process, it is worth mentioning that a recent study in mice found that PPI and attention process as measured by five-choice serial RT task (5-CSRTT, a task similar to the human CPT task) did not share genetic factors (Loos et al, 2012) . Loos et al's study further found that 5-CSRTT mapped to one locus as previously reported by Hitzemann et al (2008) , but the direction of association was opposite: The allele associated with reduced PPI in Hitzemann et al (2008) was associated with better performance in 5-CSRTT task in Loos et al (2012) .
Another important finding of the current study was the significant association between rs2958182 of TCF4 and IQ in patients. Previous studies have provided clues that TCF4 may be a candidate gene for intelligence. For example, it was found that haploinsufficiency of TCF4 may induce PittHopkins syndrome that is characterized by severe mental retardation (Flora et al, 2007) , and that mutations in the TCF4 gene are linked to other types of mental retardation, such as Pitt-Hopkins and Angelman syndromes (Kalscheuer et al, 2008; Takano et al, 2010) . Quednow et al (2011) also found a moderate effect of rs9960767 on years of education in patients (although not in controls). The authors believed that this association reflected a possible effect of TCF4 on intellectual function (not measured in that study) because of the high correlation between education level and intelligence. However, another study of the same group (Lennertz et al, 2011 ) assessed patients' IQ but failed to find a significant association between rs9960767 and IQ. It is worth noting that subjects did not take the same IQ test (198 patients took a German vocabulary test for verbal intelligence, the MehrfachwahlWortschatz-Test, but the remaining 203 patients took WAIS-R), which may have confounded the results. To our knowledge, the current study is the first to report a significant association between TCF4 gene polymorphism and measured IQ. However, similar to Quednow et al (2011) results based on inferred intellectual function from years of education, our results were significant only for SCZ patients.
Some limitations of this study should be addressed. First, most tasks in this study were computerized and were somewhat difficult for some patients, especially those who were seriously impaired. Because these patients failed to complete one or more of the tasks, they had to be excluded from our analysis. Therefore, it should be cautioned that the results of this study may not be generalized to such patients. Second, some clinical and demographic factors may confound the current results. For example, patients' symptoms and current high-dose antipsychotic medication might have biased patients' performance and hence influenced the current results. Other confounding factors might include some demographic factors such as age and education levels that were not well matched between patients and controls, although they were included as covariates in our analysis. Future studies should attempt to obtain better matched samples and possibly multiple patient samples with varying dosage of medications. Finally, it is worth mentioning that the current study did not correct for multiple comparisons involving the cognitive tests. We aimed to measure the same construct with multiple cognitive measures, which were necessarily intercorrelated with one another. Using the conventional Bonferroni correction would result in overcorrection because it does not consider the interrelatedness among variables. Given a lack of current consensus about appropriate correction and for the sake of comparison across studies, we showed the results uncorrected.
In summary, the current study found a possible effect of the TCF4 gene (SNP rs2958182) on intelligence and attention function, but it was in opposite directions in patients and controls, which suggest a possible inverted U-shaped function of this gene polymorphism in Han Chinese population. Future research needs to replicate these results and investigate the biochemical mechanisms involved in the differential associations between a SNP and behavior across different groups of subjects.
